Objective: Makorin ring finger protein 3 (MKRN3) gene restrains the hypothalamic-pituitary-gonadal axis. In girls, peripheral levels of MKRN3 decline prior to the onset of puberty. We described longitudinal changes in serum MKRN3 levels in boys before and during puberty and assessed the effect of inhibition of estrogen biosynthesis on MKRN3 levels. Design: Longitudinal serum samples from a double-blind, randomized controlled study in 30 boys (age range: 9.1-14.2 years) with idiopathic short stature who received placebo (Pl; n = 14) or aromatase inhibitor letrozole (Lz; 2.5 mg/day; n = 16) for 2 years. Methods: We analyzed the relationships between serum MKRN3 and clinical and biochemical markers of puberty by using summary measures. Results: Serum MKRN3 declined by 669 ± 713 pg/mL per year (P < 0.001). This change was biphasic, as the levels decreased during Tanner genital stage G1 (-2931 ± 2750 pg/mL per year) and plateaued thereafter (-560 ± 1510 pg/mL per year) (P < 0.05). During G1, MKRN3 levels in Lz-treated subjects decreased slower than in Pl-treated boys (-782 ± 3190 vs -2030 ± 821 pg/mL per year, P < 0.05). The decrease in serum MKRN3 levels in G1 was associated with increases in LH (r = -0.5, P < 0.01), testosterone (r = -0.6, P < 0.01), and inhibin B (r = -0.44, P < 0.05) (n = 26). Conclusion: Peripheral MKRN3 levels in boys appear to serve as a readout of the diminishing central inhibition that controls the onset of puberty.
Introduction
The recent discovery of paternally inherited loss-offunction mutations in makorin ring finger protein 3 (MKRN3) as a cause of central precocious puberty (CPP) suggests a pivotal role for MKRN3 in the transrepression of sexual maturation, but the exact mechanism remains unclear (1, 2) . In mice, hypothalamic Mkrn3 expression is downregulated toward the onset of puberty (1) . In humans, MKRN3 is expressed not only in the hypothalamus (3) but also in other tissues (4) . There are currently two publications on circulating MKRN3 levels in humans (5, 6, 7) . In girls, MKRN3 levels declined before the onset of puberty and correlated negatively with increasing gonadotropin levels (5) , which further underpins the potential role of MKRN3 in the central inhibitory control of puberty. In adult men, circulating MKRN3 levels did not seem to reflect the integrity of the hypothalamic-pituitary-gonadal (HPG) axis (6, 7) , as the levels were similar in men with hypogonadal or normal testosterone levels.
In this work, we describe longitudinal changes in MKRN3 levels in boys before and after the onset of puberty. To test the hypothesis that peripheral MKRN3 levels are modulated by estrogen, we compared MKRN3 levels between boys treated with aromatase inhibitor letrozole (Lz, a blocker of estrogen biosynthesis) and placebo (Pl) (8) .
Subjects and methods
Thirty boys with idiopathic short stature (ISS) were recruited in a double-blind, randomized, placebo-controlled trial that investigated aromatase inhibitor therapy in the treatment of ISS (8) . Sixteen boys were treated with Lz (2.5 mg/day) for 2 years and 14 received Pl. The study protocol together with the characterization and the hormonal markers of the patients has been reported previously (8) . In short, the subjects were investigated 6-monthly for 2 years and at the final visit, 36 months after the beginning of the study. At baseline, the mean age was 11 years (range 9.1 -14.2 years) and Tanner genital stage was prepubertal (G1) in 28, G2 (increase in testicular volume above 3 mL) in one, and G3 in one boy (8, 9) . Six boys (20%) had delayed puberty, defined as G1 at the age of 14 years or older. During the 2 years of the treatment, 8 out of 16 and 8 out of 14 boys showed physical signs of puberty progression (G2 or more) in Lz and Pl groups respectively. The visit at 36 months indicated that 7 out of 10 and 6 out of 11 boys were pubertal. Testicular volumes were calculated by using the formula: length × width 2 × 0.52 (10) . Chronic and endocrine diseases underlying short stature were excluded. A written informed consent was obtained from all participants and their guardians. The study protocol was approved by the ethics committee of the Helsinki University Hospital, Helsinki, Finland, and the Finnish Medicines Agency (FIMEA).
Hormonal analyses
Blood samples were taken before 1000 h every 6 months for 2 years and at the final visit at 36 months, and sera were stored at -20 or -80°C until hormonal analyses were performed. Serum testosterone, gonadotropin, and inhibin B levels were determined as reported (8) . Serum MKRN3 levels were quantified by using the commercially available Human MKRN3 ELISA kit (Lot L08OMK24) (MyBioSource, San Diego, CA, USA). In brief, prior to the assay, all samples were diluted (in 1:8) to bring the analyte level to the measuring range of the assay, as instructed by the manufacturer. The final results were achieved by multiplying the results by the dilution factor. In 5% (8/160) of the diluted samples, however, the MKRN3 levels were still slightly (n = 6) or clearly (n = 2) higher than the highest standard of the assay (2000 pg/mL). These extrapolated values were accepted, because human serum diluted linearly from ~6800 pg/mL to the measuring range of the assay. As reported by the manufacturer, the sensitivity of the assay is 7.8 pg/mL. Longitudinal samples from each individual were assayed on the same assay plate as singleton measurements (within-assay coefficient of variation (CV) was 6% and between-assay CV was 9.2%).
Statistical analysis
The data are presented as mean ± standard deviation (s.d.) unless otherwise informed. SPSS statistical software for Windows, release 22.0 (SPSS) was used for statistical analyses. The longitudinal changes in the levels of MKRN3, gonadotropins, testosterone, and inhibin B were investigated by using summary measures (11) . In brief, we fitted a linear regression line for each boy, with age as an independent variable and circulating MKRN3, testosterone, LH, FSH, or inhibin B levels as a dependent variable. Then the regression coefficients were analyzed with the t-test or used in correlation analysis. Withingroup comparisons were assessed with Mann-Whitney U test and linear correlations with Spearman's rank correlation. All tests were two sided and P-values <0.05 were considered statistically significant.
Results
During the follow-up, serum MKRN3 declined by 669 ± 713 pg/mL per year (P < 0.001). This overall decrease was similar between boys treated with Lz (n = 16) (-657 ± 750 pg/mL per year) and those who received Pl (n = 14) (-683 ± 690 pg/mL per year) (P = NS). However, as MKRN3 restrains the HPG axis, we evaluated the changes in circulating MKRN3 levels before and during the clinical onset of puberty, and therefore adjusted MKRN3 levels according to G2. The levels of MKRN3 appeared to decline before G2, with less change in G2 and thereafter ( Fig. 1A) . Indeed, in 13 boys with available data before and after the clinical onset of puberty (G2), MKRN3 levels declined faster during G1 than after entering puberty (-2931 ± 2750 vs 560 ± 1510 pg/mL per year, n = 13, P < 0.05 respectively) ( Fig. 1B) . Then we investigated whether the change in MKRN3 was modulated by Lz. Surprisingly, MKRN3 levels during G1 declined faster in Pl-treated boys (n = 14) than in Lz-treated subjects (n = 14) (-2030 ± 1821 vs -782 ± 3190, respectively, P < 0.05) (Fig. 1C ). During the course of puberty, serum MKRN3 levels correlated with testis volumes (r = -0.3, P < 0.001) with a rapid MKRN3 decline in early puberty ( Fig. 2A ). This reciprocal relationship is illustrated in Fig. 2B for nine individuals. To further investigate the relationship between the clinical onset of puberty (i.e. increase in testis volume) and circulating MKRN3, we identified the highest and the lowest individual MKRN3 values for each boy who progressed from G1 to G2 (n = 22). In these boys, the highest MKRN3 values (9192 ± 5541 pg/mL) were observed when their average testicular volume was 2.0 ± 2.9 mL, and the lowest MKRN3 levels (4480 ± 3943 pg/mL) were measured later in puberty, when the average testicular volume was significantly higher 5.8 ± 4.5 mL (P < 0.001).
Then we investigated the relationship between serum MKRN3 and gonadotropin, testosterone and inhibin B in G1. Indeed, during G1, the rate of change in MKRN3 correlated with the rate of change in testosterone (r = -0.4, n = 28, P < 0.05), but not with the corresponding changes in other hormone levels (P = NS). After an exclusion of two boys who exhibited an increase in MKRN3 level, the rate of MKRN3 change during G1 correlated with the change in LH (r = -0.5, P < 0.01, n = 26), inhibin B (r = 0.44, P < 0.05, n = 26) and strongly with testosterone (r = 0.6, P < 0.01, n = 26). The reciprocal changes between serum MKRN3 and LH levels before the clinical onset of puberty in boys 6, 8, 13, 14, 17 , and 23 are shown in Fig. 3 . Placebo-and Lz-treated boys had similar testis volumes and levels of testosterone, inhibin B, and gonadotropins in G1. In addition, no clinical or biochemical evidence for differences in pubertal timing was observed (8) .
Delayed maturation is common in boys with ISS, and six boys fulfilled the conventional criteria of delayed puberty. One of these boys had the highest levels of MKRN3, whereas four boys exhibited serum MKRN3 within the range of those who entered puberty before 14 years of age. A significant difference in the rate of MKRN3 decline was found between boys with delayed onset and normal timing of puberty (-81 ± 612 vs -812 ± 671 pg/mL per year, respectively, P < 0.05). However, we found no significant correlations between indices of pubertal timing (age at G2 and the degree of bone age delay calculated as calendar age minus bone age at the beginning) and MKRN3 levels (data not shown).
Discussion
Our longitudinal data show that MKRN3 levels in boys decline before the clinical onset of puberty and that this decrease is associated with the activation of the HPG axis. These findings are in agreement with the results of the recent study in girls (5) . In boys, however, the change in MKRN3 levels appears biphasic with a rapid decline prior to clinical onset of puberty and slower changes thereafter once puberty progresses, whereas in girls, the decline in serum MKRN3 continued to mid-puberty (5) . The reason for this difference is not known. Another sex-dependent difference in MKRN3-related mechanisms that regulates the onset of puberty is suggested by the finding that boys with CPP due to a paternally inherited mutation in MKRN3 appear to have a smaller decline in the age of puberty onset than girls (for review, see (12) ). These findings suggest that there are sex-specific differences in the relative role of MKRN3 in the central inhibitory control of puberty onset, which is still inadequately understood. Studies carried out in humans and rhesus monkeys show that the central inhibition of gonadotropin secretion is more pronounced in males than in females (for review, see (13) ). Consistently, idiopathic CPP is more common in girls than in boys (1, 12, 14, 15) .
The ISS boys in the current work received aromatase inhibitor Lz in an attempt to increase adult height (8) . In Lz-treated boys, the rate of prepubertal decline in MKRN3 was slower compared with those who received placebo. On the one hand, this finding lends credence to the hypothesis that MKRN3 is involved in the wellknown advancing effect of sex steroids on the timing of puberty (16) . It also offers a potential explanation for the synchrony between skeletal and HPG axis maturation, as a strong association exists between bone agea measure of estrogen exposureand pubertal timing (16) . On the other hand, providing that circulating MKRN3 levels reflect the function of the puberty clock, one would have expected later puberty in Lz-treated boys than in those who received Pl, but such a difference was not found (8) . However, a subtle difference between the groups may have escaped detection. It is also possible that the modulation of MKRN3 levels by Lz was compensated by other factors involved in the central control of sexual maturation. Finally, there are no reports on the relationship between estradiol and peripheral MKRN3 levels in humans. In girls, however, serum MKRN3 declines before and during puberty (5) , which raises the possibility that estradiol negatively regulates MKRN3 secretion. This interaction would also explain the slower decline in serum MKRN3 in Lz-treated boys. Clearly, MKRN3 is not the only factor that affects pubertal timing as, for example, paternally inherited mutations in MKRN3 result in a relatively mild advancement of pubertal timing, especially in boys (2) . Although MKRN3 levels in healthy men and in men with congenital hypogonadotropic hypogonadism (CHH) did not differ (6, 7), serum MKRN3 may have a clinical value in the often notoriously difficult differential diagnosis between constitutional delay of growth and puberty and CHH (17) , given that the delayed onset of puberty was associated with slow decline in MKRN3. It should be noted that this study has a relatively small sample size, which may reduce statistical power. Although MKRN3 levels were in agreement with the levels observed in healthy men (6, 7) , the levels in boys showed high interindividual variation, which may reduce the clinical value of serum MKRN3 measurements. Similar high interindividual variation has been described in girls (5) . Our results in boys are clearly higher than the previously reported levels in girls (5) . However, we have not detected any major sex-dependent differences in serum MKRN3 levels between men and women, or between boys and girls (unpublished data). Thus, validation of the MKRN3 kit in larger studies and the use of international and national reference standards are expected to help in better understanding the fluctuations of circulating MKRN3 blood levels throughout life and possibly also between laboratories. Especially, studies on circulating MKRN3 levels in healthy boys and in boys with different conditions affecting the timing of puberty are needed to further validate the role of MKRN3 as a marker of the central control of the onset of puberty.
In conclusion, this is the first study to describe circulating MKRN3 levels in boys. Our results show that MKRN3 levels decline at the verge of puberty and that the levels are associated with the awakening of the HPG axis. Estrogen-lowering effect of Lz was associated with the peripubertal decline in MKRN3, but clinical correlates of these subtle changes could not be demonstrated. However, peripheral MKRN3 levels hold promises for improvements in our understanding of the complex mechanisms that regulate the timing of human puberty.
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